ABSTRACT This paper proposes a position sensorless control technique for permanent magnet synchronous motor (PMSM) used in rail transit application, where a segmented synchronous modulation (SSM) is usually applied. The arbitrary signal injection-based sensorless control is adopted to estimate rotor position. In a switching period, an oversampling technique is used to obtain the average current slope that contains the rotor position information during the active voltage-vector operation. In SSM, the hysteresis zone is set near the carrier ratio (CR) switching critical point to eliminate the influence of the repeated oscillation on the current measurement accuracy. Furthermore, a load disturbance compensation method is designed so that the failure of hysteresis zone is avoided. Through the analysis of power spectral density (PSD) of phase current, the optimization of harmonic energy distribution with hysteresis zone is also verified. The experimental results show that the proposed method can improve the position estimation precision during the fast CR transition, which can be effectively applied in SSM.
I. INTRODUCTION
High speed railway system employing permanent magnet synchronous machine (PMSM) serves as the electrical traction core in the next generation train. Due to the integration of position sensor and traction motor, the influence brought by the high temperature and mechanical stress causes failure of the mechanical sensors, which leads to traffic safety problems. Therefore, the position sensorless technology is promising and it can solve such problems. In rail transit application, the highest inverter switching frequency is less than 1 kHz because of the limitation caused by switching loss and heat dissipation. Meanwhile, the traction motor has a wide speed range and the maximum fundamental
The associate editor coordinating the review of this manuscript and approving it for publication was Gaolin Wang. frequency of the motor can reach up to 200 Hz. Therefore, the carrier ratio (CR = f c /f 0 ) varies greatly throughout the entire speed range. As shown in Figure 1 , in order to have better symmetric performance of three-phase currents and make full use of DC bus voltage, a hybrid PWM modulation strategy for traction inverter is widely adopted to meet the low switching-frequency control requirements. It adopts asynchronous space vector modulation (SVM) at low speed, multi-mode synchronous modulation at high speed and square-wave modulation above rated speed [1] - [3] .
Generally, the synchronous modulation is subdivided into a regular mode and an optimal PWM mode. So the synchronous modulation is also named as segmented synchronous modulation. As shown in Figure 1 , the CR number of the regular mode is odd times of 3, for instance, 21 and 15, then the PWM pulses generated in this way can maintain symmetrical three-phase output. When CR is less than 10, if the number keeps the same as regular mode, the actual voltage is difficult to reach the command value and the low-order harmonic components increase dramatically due to fewer sampling points. In order to solve this problem under low CR, the optimal PWM is utilized [4] , mainly including two methods: current harmonic minimum CHMPWM [5] , [6] and selective harmonic elimination SHEPWM [7] , [8] . Zhang et al. [5] proposes a novel construction of CHMPWM algorithm for the PMSM, which has better harmonic performance at any modulation index and load angle. In [6] , a synchronous optimal pulse-width modulation is applied in high-power grinding mills, then a low harmonic current distortion is ensured and the switching losses is also reduced at a very low switching frequency. In [7] and [8] , compared with CHMPWM, SHEPWM can eliminate the selective low-order harmonics and its distribution of switching angle in the entire voltage range has good continuity, which is widely used in rail transit traction system and serves as a basic method in this work.
Sensorless control can enhance the reliability and robustness of high-speed rail transit system. Up to now, two categories for implementing sensorless control of PMSM can be found in literature: the fundamental model based method [9] , [10] and the saliency tracking based method [3] , [11] (In most cases, High Frequency (HF) signal injection is required). The former one is suitable for middle and high speed range and the latter one performs well at standstill and low speed range. As a result, many researchers have proposed a hybrid scheme combining these two methods together and designed a transition region between them [12] . It is a reasonable solution for whole speed range sensorless control, but the stability during the frequent exchange of both methods is still a problem. The arbitrary signal injection method [13] , which relies on the measurement of transient current slope during a PWM period, is a new concept for estimating the rotor position and whole speed range applicable. In this work, the arbitrary signal injection method is implemented inside a single FPGA based on current oversampling technique [14] .
Remarkably, there are still some difficulties in the application of arbitrary signal injection method in SHEPWM. In general, SHEPWM contains three kinds of frequency division modes, namely, the CR is 7, 5 and 3 respectively. In the sensorless control, the problem of the frequent PWM mode transition exists on account of estimated speed vibrations. It is inevitable that the estimated speed has ripples in steady state, and the fundamental-frequency value is regarded as the transition condition in SHEPWM. In this case, if the transition strategy is not properly designed, this phenomenon leads to frequent transition between different PWM modes, and deteriorates the fitting accuracy of current slope in arbitrary signal injection. Nowadays, many scholars have studied the control performance in SHEPWM [15] , [16] . Zhao et al. [15] proposes a hybrid SHEPWM scheme for common mode voltage reduction in three-level neutral-point-clamped inverter-based induction motor drives. In [16] , a combination of well-known SHE and selective harmonics mitigation (SHM) is designed to shape a spectrum of catenary current harmonics, which can reduce distorting influence of a modern rolling stock supplied by a 3 kV dc catenary on the railway control system. As can be seen, the existing work is mainly about the application of SHEPWM in novel power-circuits or devices, and the optimal synchronous PWM strategies all can greatly improve the current harmonic performance [17] - [19] . However, for the PMSM sensorless control in synchronous modulation region, it is not enough to analyze the control performance of the PWM mode itself. In particular, when the optimal PWM uses SHEPWM, the influence of the different PWM modes transition on the position estimation performance is worth exploring.
In order to eliminate such influence, this paper proposes a hysteresis zone design in the segmented synchronous region and corresponding SHEPWM pattern implementation is realized as well. Experimental results demonstrated that the position estimation accuracy is improved and the transition between different PWM modes is smoother.
Nomenclature for the sensorlss method is as TABLE1.
II. SALIENCY EFFECT FOR SENSORLESS CONTROL
The machine saliency is parameter independent and thus reliable for position estimation. It is theoretically valid for the whole speed range. The transformation matrix T transfers equations from rotor coordinate to stator coordinate, and its derivative d dt T are given by T = cos θ e − sin θ e sin θ e cos θ e ,
with θ e being the electrical rotor position and a derivative with respect to the electrical position
Then stator voltage can be represented by
and the current derivative can be solved from (3)
with the rotor position independent part of stator admittance
, the position dependent part of stator
and the position dependent transformation matrix S (θ e ) = cos (2θ e ) sin (2θ e ) sin (2θ e ) − cos (2θ e ) .
According to (4) the discrete function can be obtained
represents the intervals in the past, T s is the traditional sampling time of system (once per interrupt period). Furthermore, (5) 
Neglecting the position dependent admittance part Y for the component excited by active voltage vector, the rotor position independent component of stator current rise can be expressed as 
At last the position dependent admittance Y and the sampling time T s are eliminated by division
And the estimated rotor position can be calculated (please refer [20] for more information)
As usual for saliency based methods, the modulo of ±90 • requires post processing.
III. ARBITRARY SIGNAL INJECTION METHOD
In arbitrary signal injection method, an additional injection signal is not necessary for current excitation. The intrinsic active vector of PWM signal during normal operation caused current difference contains the rotor position information because of the saliency effect. However, the current derivative during active voltage vectors can not be measured directly due to oscillation and limited time instance. Figure 2 shows that both current values, at point P and Q, cannot be measured in noise environment.
An alternative method measuring the current slope during zero voltage vector by means of current oversampling is introduced in [20] [n] is the duration of active voltage vector. The visual explanation of these quantities is demonstrated in Figure 3 .
The value of zero voltage vector duration is given
where T int is the period of interrupt signal. Therefore, the active vector of PWM signal caused current difference VOLUME 7, 2019 can be calculated 
Then according to (8) and (9) 
At last the rotor positionθ e is estimated by arctan function. 
Note that now θ e ∈ [0, π] requires post processing. Since the arbitrary injection method estimate rotor position based on current difference which is caused by active vector of PWM signal, at low speed range without load and at standstill the active voltage is so small that a valid current rise cannot be measured. Therefore, the performance of arbitrary injection method deteriorate at low speed range without load and invalid at standstill.
IV. SENSORLESS CONTROL IN SEGMENTED SYNCHRONOUS MODULATION A. REGULAR MODE
For the synchronous modulation, the position of command voltage vector is fixed and distributed evenly, in other words, the composite vector rotates at equal angular intervals. When the fundamental frequency is high, this modulation mode ensures three-phase symmetry of the output-voltage and eliminates parasitic harmonics. In general, the number of voltage vectors in each fundamental period is the CR number. In this paper, CR of the regular mode is 21, and the command voltage in each sector is synthesized by two basic vectors and zero vectors. Here, the angular interval θ is 17 • , as shown in Figure 4 , and the fitting position of the vector can be obtained by accumulating θ in sequence. When the total accumulated angle θ sum exceeds 60 • , one is added to the sector value and θ sum subtracts 60 • . Then, a new sector angle calculation process is started. Because the angle and sector are calculated separately, the calculation-way of voltage vector operational-time in regular synchronous mode is the same as asynchronous modulation. 
B. SHEPWM
When the CR is less than 10, the SHEPWM is used to eliminate the undesired low-order harmonics in the output voltage so that reference voltage can be tracked well. Because the 3 th harmonics cancele each other in the line-voltage, SHE aims to eliminate the odd-order harmonics that are not integer multiple of 3 in the phase-voltage. Remarkably, the calculation of switching angle and the generation of three-phase pulses are the design difficulties in the SHEPWM. Figure 5 shows the output voltage of this modulation method, where T f is fundamental-period, the pulse number and CR are both 2N +1.
The Fourier Series expansion equation of the A-phase voltage can be expressed as
Because the phase voltage is even symmetric in the 1/4 period, the actual voltage contains only sin-item and 76672 VOLUME 7, 2019 FIGURE 5. Output A-phase voltage when using SHEPWM.
odd-order harmonics. Then, in equation (18), a k = 0 and the following expression can be obtained
where k is odd, N is the number of switch angles in 1/4 fundamental period and satisfies α 1 < α 2 < α 3 · · · < α N . Under this constraint, the output voltage pulse can be obtained by solving the value from α 1 to α N , which effectively controls the amplitude of the fundamental voltage and eliminates N −1 selective harmonics. The 7-pulse SHE is used to eliminate the 5 th and 7 th harmonics that are relatively rich in the low-order components. According to equation (19) , under this PWM mode, the switching angle equation can be expressed as where M is modulation depth, and its resolution is 0.01.
For the 5-and 3-pulse SHE modes, there are respectively two and one switching angles in the 1/4 fundamental period. Unlike the initial negative step of the 7-and 3-pulse modes, the 5-pulse SHE has an initial forward step, therefore, the corresponding negative sign on the right side of equation (20) should be removed. The 3-pulse SHE directly controls the amplitude of the fundamental wave and can achieve a smooth transition to the square-wave modulation. The switching angle equations of 5-and 3-pulse mode can be written as 1 − 2 cos α 1 + 2 cos α 2 = M 1 − 2 cos 5α 1 + 2 cos 5α 2 = 0 (21)
In the above three kinds of SHE modes, the switching angles are calculated offline through the Fsolve function in MATLAB. In order to obtain the optimal solution, the initial switching angle can be selected as 
(24) Figure 6 shows the implementation process of SHEPWM, where M = π u 2 d + u 2 q 2U dc , ϕ is fundamental voltage phase angle. Here, all switching angles with different M value are divided into multiple arrays and stored in the look-up table module, and n represents the number of the arrays.
C. ARBITRARY SIGNAL INJECTION WITH HYSTERESIS FREQUENCY REGION
The premise of arbitrary signal injection method implement is that the fundamental current can be oversampled in one switching period. So, the frequent PWM modes transition caused by the small change of the estimated speed affects the accurate control of the output voltage-phase and reduce the oversampling accuracy, resulting in a position estimation error.
Taking the transition between SHE7 and SHE5 as an example demonstrated in Figure 7 , due to small vibration in the estimated speed whose frequency is selected as the transition condition, the frequent transition occurs between SH7 and SHE5, which affects the output voltage stability. The effectiveness of arbitrary signal injection method depends on the sampled current signal. Thus, when the PWM mode changes frequently, the current signal also fluctuates similarly.
In order to eliminate the oversampling error of current signal, Figure 8 shows the design principle of the proposed hysteresis zone in the sensorless method. Obviously, when the hysteresis zone is not used, the current slope accuracy is distorted, which affects the position estimation accuracy. After using the hysteresis zone, the original judgment frequency line is transformed to a frequency band. From SHE7 to SHE5, the PWM mode is set as SHE7 in hysteresis zone so that it can achieve the ideal transition condition. Therefore, the accuracy of the current slope is significantly improved. Figure 9 reveals the implementation of frequency hysteresis zone in the digital system. The ideal frequency line is 53Hz. Through a relay module, the actual transition frequency from SHE7 to SHE5 is 54.5Hz, conversely, the frequency is 51.5Hz. In actual operation, the range of estimated speed fluctuation between different PWM modes is not fixed due to the difference of harmonic components. In order to complete the transition faster, the hysteresis frequency is also different. The transition frequency band is shown in TABLE 2. 
D. DESIGN OF A LOAD DISTURBANCE COMPENSATION
In the SHEPWM-based sensorless control, as shown in Fig.1 , the transition fundamental frequency of SHE7, SHE5 and SHE3 is 47Hz, 53Hz and 59Hz respectively. Taking the transition between SHE7 and SHE5 as an example, when the inverter operates in steady state with SHE5 mode, the load sudden increase causes the estimated speed fluctuation to exceed the range of the hysteresis frequency region, then the inverter enters the SHE7 mode, as shown in Figure10. In this case, the hysteresis effect is invalidated, and the position estimation accuracy is affected as well. In order to eliminate the influence of load disturbance on the stability of the PWM mode, the load torque feedforward compensation is proposed so that the hysteresis can be maintained at all times. Here, a load torque sliding mode observer is designed. In the process, i * d = 0, the following state equation can be obtained
where ω e is electrical angular speed, ψ f is flux linkage, P p is pole pairs, i q is actual q-axis current, J is inertia and T Load represents the load torque. In a control period, the load torque can be regarded as a constant. Then, the load-disturbance SMO can be constructed as
where V = k * sigmoid ω e − ω actual , k is the sliding mode gain, η is feedback gain,ω e andT Load are estimated electrical angular speed and load torque that calculated by (26). In order to suppress the chattering, the conventional sign function is replaced by sigmoid function so that the width of the boundary layer becomes wider. Fig.11 shows the load torque estimation process. By combining the arbitrary signal injection with load estimation, the proposed sensorless control strategy based on SHEPWM is presented in Fig.12 , where β is voltage phase angle in dq-axis and ϕ is pulse generation angle in ABC-axis, i q_com = k LTLoad , k L is compensation gain.
In Fig.11 , the sliding mode surface can be selected as s = E 1 =ω e − ω actual , and E 2 =T Load − T Load . Combined with(26), the following error equation can be FIGURE 11. Load torque estimation process based on SMO. 
According to the stability conditions of the sliding mode, the following in-equation can be given
When the SMO arrives the sliding mode surface, s =ṡ = 0, then the following load error equation can be obtained from equation (27) .
Furthermore, (29) can be transformed as
where η < 0, µ is constant. The load observed error E 2 changes exponentially to zero with t, and the approach speed is determined by the feedback gain η. Therefore, according to the selection range of k and η, the SMO can be kept stable and the load torque can be accurately observed.
E. THE EFFECT OF HYSTERESIS FREQUENCY ZONE ON HARMONIC ENERGY DISTRIBUTION
When the motor operates at transition fundamental frequency, without hysteresis frequency zone, frequent PWM modes transition causes instability of harmonic energy distribution. In order to analysis the effect of hysteresis frequency zone on the energy distribution, the power spectral density (PSD) of the phase current is selected as a comparison indicator. When the fundamental frequency is fixed, PSD of phase-current can be expressed as
where N = 0, 1, 2, 3 · · · , T and F are fundamental current period and frequency respectively, I T (F) is the Fourier transform of current signal in one period. Obviously, the PSD only contains discrete components, here, the I T (F) can be transformed as
In SHEPWM-based sensorless control, PSD is mainly concentrated on the fundamental frequency and its odd-order harmonics. Fig.13 shows the comparison of PSD before and after using hysteresis frequency zone. As can be seen, when the motor operates at 53Hz, after hysteresis frequency zone setting, the PSD amplitude of 7th harmonics drops by 11dB. It means that when the motor speeds up to 1060r/min, the harmonic components do not change repeatedly due to the existence of the hysteresis zone, and the PSD distribution conforms to the harmonic characteristics of the 7-pulse SHE. Similarly, when the motor operates at 59Hz, PSD amplitude of 5th,7th and 11th harmonics all are reduced after using hysteresis zone. So, the frequent harmonics energy changes can be avoided. 
V. EXPERIMENTAL RESULTS
The used test bench composes of a real-time computer system involving an FPGA as core controller, two machines with coupled rotor shafts, two two-level inverters and measurement devices, which are shown in Figure 14 . The control-side 5kW inverter is manufactured and modified by the company SEW and it provides full control of the upper side 3 IGBT gates and the other 3 PWM signals for the lower side 3 IGBTs are generated by the SEW inverter itself. The dead-time is 0.8 µs. Consequently, only 3 channel PWM signals produced by the real time system are fed to the control-side SEW inverter to implement any control algorithm. The load-side 5kW inverter is made by the company Danfoss and it is equipped with a micro-controller and can be configured manually through a front-panel and an LCD display. It drives a load-side induction machine.
The FPGA has its fast oversampling ability and parallel calculation advantage. Field oriented control (FOC) and arbitrary signal injection method are implemented all in VHDL code. FOC runs in 2MHz and current oversampling runs in 20MHz to guarantee enough effective data. Detailed FPGA implementation can be found in [14] .
A. STEADY STATE PERFORMANCE Fig.15 shows the steady state performance of sensorless control when fundamental frequency is 53Hz. As can be seen, without hysteresis frequency zone, the induced fundamental current continuously switches between the SHE7 and SHE5. The actual speed and estimated position both fluctuate during the process, and the maximum position estimation error arrives 0.3rad. After using hysteresis frequency zone, since the upper limit of the hysteresis frequency range has not been reached, the phase current can be stably maintained in SHE7 mode, and the position estimation accuracy is also improved. In the PSD performance comparison, with hysteresis frequency zone, the harmonics energy amplitude is significantly reduced, which means that the repeated changes in harmonic components are eliminated.
The sensorless performance comparison at 1180r/min is given in Fig.16 . After using hysteresis frequency zone, the speed and position estimation performance both are improved, and the position estimation error can be always controlled within 0.15rad. For the PSD amplitude, the 5th harmonic is reduced obviously, which is consistent with Fig.13(b) .
B. DYNAMIC STATE PERFORMANCE
With hysteresis frequency zone, as TABLE 2, Fig.17 shows the speed response of sensorless control with rated load. The tested IPMSM operates from 500 to 1200r/min, which covers the speed range in SHEPWM mode. It can be seen that position estimation error is within 0.15rad during the speed changing. The A-phase current also maintains good stability throughout the process. When IPMSM operates at a constant speed with sudden load increase, the hysteresis frequency region is disabled and causes a change in the modulation mode, as shown in Fig.10 , which makes the sensorless control performance unstable. Fig.18 shows the load-disturbance compensation results, and load changes from empty to rated value. Obviously, after compensation, the speed fluctuation dose not exceeds the hysteresis frequency region between SHE5 and SHE3, speedand position-estimation errors both are reduced, which can be controlled in 20r/min and 0.15rad respectively in all dynamic process.
VI. CONCLUSION
Based on arbitrary signal injection method, this paper proposes a sensorless control strategy that is suitable for segmented synchronous modulation. The current oversampling technique is used to detect the current change rate excited by the fundamental modulation voltage during one PWM operation period, and then the difference between the current and the ideal non-salient model is used to obtain the salient signal, which can be reflected by current change rate. Considering the frequent transition of PWM modes in the segmented synchronous modulation, a hysteresis zone is set near the transition point to make the current smoother and improve the position estimation accuracy. Furthermore, a load-disturbance compensation method is designed to avoid the failure of hysteresis zone, and the influence of hysteresis zone on PSD of phase-current is also analyzed. Experiments proved the effectiveness of the proposed method.
